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© Homeotroplc liquid crystal display device. 

@..A-bomeotrcpic liquid crystal display device compensated 
for the anisotropy of the hcmeotropically oriented nematic 
liquid crystal layer (13), by anisotropy compensating means (15) 
comprising at least two anisotropic (e.g. uniaxial) films having 
their optic axes disposed to form a right angle in a plane parallel 
to the substrate (16) to form an optically negative activity in the 
direction perpendicular to the substrate (16). This optically 
negative activity is so selected to compensate the positive 
optical anisotropy of the nematic liquyid crystal (13) when 
oriented homeotropically in the absence of electric field. 



FIGJA 



FIG.IB 1S% 
11' 



FIG.1C 




^15 
X 12 




Q. 
UJ 



Bundescruckerei Berlin 



Description 



H0ME0TROPIC LIQUID CRYSTAL DISPLAY DEVICE 



BACKGROUND OF THE INVENTION 

This invention relates to a liquid crystal display 5 
device, and more particularly to a homeotropic liquid 
crystal display device in which the optical anisotropy 
of a homeotropicaliy oriented nematic liquid crystal 
layer is compensated for. 

The homeotropic liquid crystal display device has 10 
been utilized and developed in various ways as liquid 
crystal display device capable of representing clear 
displays. 

A typical homeotropic liquid crystal display device 
comprises a homeotropic liquid crystal cell disposed 15 
between a pair of crossed polarizers. 

Homeotropic liquid crystai molecules are oriented 
normal to the substrate surface (i.e. homeotropi- 
caliy) in the absence of an electric field. Then, the 
liquid crystal layer does not change the polarizatin 20 
state of the incident light. Thus, the incident light is 
cut off by the crossed polarizers, exhibiting 'dark" 
OFF state. 

When, for example, an a.c. electric field is applied 
to the liquid crystal layer, the liquid crystal molecules 25 
change their orientations. Tnen, there occurs annihi- 
lation of polarization or birefringence. Then, the 
incident light can transmit through the crossed 
polarizers to exhibit "bright" ON state. 

When a cell of OFF state is seen along a direction 30 
normal or orthogonal to the substrate, a substan- 
tially perfect dark state is obtained. However, with 
respect to the lights incident on the cell along 
directions off-set from the normal to the substrate, a 
perfect dark state can no more be obtained. 35 
Therefore, good visual recognition range of in- 
cidence angle is very narrow. 

Generally.the most influensive factor for the grade 
of the display of the transmission type liquid crystal 
display device is contrast. 40 

For increasing contrast, it is necessary to de- 
crease the light leakage in the dark state as far as 
possible. Thus, if a sufficiently dark state cannot be 
obtained in directions off-set from the normal 
jdicectioas. as described above, the display grade 45 
should be extremely lowered. 

SUMMARY OF THE INVENTION 

An object of this invention is to provide a 
hcmeo tropic liquid crystai display device having a 50 
wide recognition range of incident angle. 

In accordance with an aspect of this invention, 
there is provided a homeotropic liquid crystal display 
device in which anisotropy compensating means is 
inserted between a homeotropic liquid crystal cell 55 
containing a nematic liquid crystal molecules having 
a negative dielectric anisotropy and at least one of a 
pair of polarizers. In the anisotropy compensating 
rrsar.s. at least two anisotropic films, such as 
ur.iaxiai ':1ms, are disposed in a plane or planes 60 
parallei rc :he substrate, with their refractive index 
axs reia:ively rotatec to make a right angle to 
estaclish a negative optical anisotropy in the 



direction normal to the substrate, which compen- 
sates for the optical anisotropy of the nematic liquid 
crystal molecules oriented homeotropicaliy under 
the absence of voltage, which is a positive optical 
anisotropy having an axis normal to the substrate. 

When the nematic liquid crystal layer becomes a 
uniaxial anisotropic medium with the axis oriented 
normal to the substrate to establish a positive optical 
anisotropy, the negative optical anisotropy of the 
anisotropy compensating means compensates for 
the positive optical anisotropy of the liquid crystaJ 
layer, thereby reducing the leakage light in a finite 
incidence angle region. Therefore, a liquid crystai 
display device of wide recognition range of incident 
angle can be provided. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figs. 1 A, 1B and 1C are cross-sectional views 
of three dispositions of liquid crystal display 
devices according to embodiments of this 
invention. 

Figs. 2A and 2B are schematic perspective 
views for illustrating the operation of the liquid 
crystai display device as shown in Fig. 1A, 
wherein Fig. 2A illustrates an " ON" state and 
Fig. 2B illustrates an "OFF" state. 

Figs. 3A to 3D are diagrams for illustrating the 
structure and the function of the anisotropy 
compensating means shown in Figs. 1A, 1B, 
and 1C, wherein Fig. 3A is a diagram of parts, 
Fig. 3B illustrates the refractive index compo- 
nents of the parts. Fig. 3C illustrates an 
assembled state for the embodiments of 
Figs. 1A and 1B, and Fig. 3D illustrates the 
composite refractive index ellipsoid of the 
anisotropy compensating means. 

Fig. 4 is a schematic perspective view for 
illustrating the operation of the liquid crystal 
display device of Fig. 1A in the OFF state as 
shown in Fig. 2B, wherein the liquid crystal layer 
and the anisotropy compensating means are 
shown by refractive index ellipsoids. 

Fig. 5 is a graph showing the relation of th 
emerging light intensity I with respect to the 
slant observation angle 9 in the OFF state of the 
liquid crystal display device shown in Figs.2B 
and 4. 

Fig. 6 is a plan view of a thin film transistor 
substrate to be used in the liquid crystal display 
device of rigs. 1 A to 1 C. 

Figs. 7A, 7B and 7C show a homeotropic 
liquid crystal display device according to the 
prior art, wherein Fig. 7A is a cross-sectional 
view, Figs. 73 and 7C are schematic perspec- 
tive views for illustrating the ON and OFF 
operation of the homeotropic liquid cr/staJ 
display device of FIG.7A. 

Fig. 3 is a schematic perspective view of the 
pricr an liquid cr/staJ display device in the OFF 
state as shosvn in Fig. 7C. wherein the liquid 
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crystal layer is shown as a refractive index 
ellipsoid. 

Fig. 9 is a graph of the leakage light vs. the 
slanted observation angle in the prior art liquid 
crystal display device as shown in Figs. 7C and 
8. 

In the drawings, reference symbols 1 and 6 denote 
polarizers, 2 and 4 substrates, 3 a liquid crystal layer, 
TVo refractive index of the liquid crystal layer for 
ordinary light ray, R« refractive index of the liquid 
crystal layer for extra-ordinary light ray, P1 and P2 
axes of polarization in the polarizers, 11 and 16 
polarizer plates (polarizers). 12 and 14 substrates. 
13 a homeotropic liquid crystal layer, 15 anisotropy 
compensating means, m, n2 and n3 refractive 
indices of anisotropic film, and ni\ m' and na' 
composite refractive indices of anisotropy compen- 
sating means. 

DESCRIPTION OF PREFERRED EMBODIMENTS 

First, the prior art liquid crystal display device will 
be analyzed. Description will be made taking an 
example of a homeotropic liquid crystal display 
device, referring to Figs. 7A, 73 and 7C. 

The homeotropic liquid crystal display device has 
a structure in which a liquid crystal cell is sand- 
wiched between a pair of polarizer plates 1 and 6 as 
shown in Fig. 7A. The liquid crystal ceil has a 
structure in which a layer 3 of nematic liquid crystal 
having a negative dielectric anisotropy is sealed 
between a pair of substrates 2 and 4. Thin film 
transistors and display electrodes may be formed on 
one substrate and an opposing common electrode 
may be formed on the other substrate. 

Figs. 7B and 7C respectively show the states of a 
cell of the homeotropic liquid crystal display device 
in the ON state which is under the application of an 
electric field and in the OFF state which is in the 
absence of an electric field. 

The liquid crystal display system illustrated in 
Figs. 7B and 7C is a negative type homeotropic 
system (the cell becomes bright when a voltage is 
applied), wherein polarization axes P1 and P2 of a 
pair of polarizer plates 1 and 6 are orthogonally 
crossed. 

In the OFF state as shown in Fig. 7C f liquid crystal 
molecules 10 are oriented along a direction normal 
to the substrate surface. An incident light going 
along the_optical axis becomes a vertically linearly 
polarized light in the polarizer plate 1. enters the 
liquid crystal layer 3 from the side of the substrate 2, 
is transmitted through the liquid crystal layer 3, 
emerges from the side of the substrate 4 as a 
vertically linearly polarized light, and is injected to 
the other polarizer plate (analyzer) 6. Tne polarizer 
plate 6 has a transverse (horizontal) polarization axis 
P2. and hence blocks the vertically polarized light. 
Thus, the cell appears "dark". 

In the ON state as shown in Fig. 7B, the liquid 
crystal molecules 10 change their direction by the 
electric field, except the regions very near to the 
substrates. Therefore, the incicent light is subjected 
to annihilation of pclarizatior. zr birefringence. There 
is generated such light component which transmits 
the rear polarizer plate (analyzer) 5. When the liquid 



crystal display device is observed from the direction 
normal to the liquid crystal display device, the cell 
appears "bright*. 
In the OFF state which is expected to exhibit a 

5 perfectly dark state, a nearly perfect dark state is 
observed when seen along the direction normal to 
the cell, but a good dark state cannot be obtained for 
those light rays incident on the cell along directions 
considerably off-set from the normal direction. 

10 The reason why the visual recognition range of 
incidence angle is narrow will be analyzed hereinbe- 
low referring to Fig.8. Homeotropically oriented 
nematic liquid crystal molecules are aligned along a 
direction orthogonal to the substrate. Then, the 

15 liquid crystal layer 3 exhibits uniaxial anisotropy, as 
shown by a refractive index ellipsoid of Fig. 8, in 
which the refractive index in the optic axis direction 
is larger than those in the directions orthogonal to 
the optic axis ( i.e. positive optical anisotropy). 

20 In Fig. 8, 
n« » na, 
n 0 = ru, and 
n a > n c 

where m and no. represent the refractive indices 
25 along the long axis and the short axis of the liquid 
crystal molecule. 

When ideal polarizers are used, the observed light 
intensity (emerging light intensity) I can be approxi- 
mately represented as 
30 i - (1/4) lo {1 -cos(27tAR / X)} sin (2q>) (1) 
where 

AR - [{Jl.no/ ( IW 2 cos29+ fto 2 sin*e)V2}- frl * 
/ cos9. 

Here, AR is a quantity called retardation. X is the 
35 wavelength of light, d is the thickness of the liquid 
crystal layer, lo is the intensity of the incident light, 
and 9 and <p are angles as shown in Fig. 8. 

From equation (1), it can be seen that the amount 
of leakage light varies in accordance with the 
40 quantity AR. 

For example, when a liquid crystal available as 
ZL1-2806 from Merk inc. is used as the homeotropic 
liquid crystal material having a negative dielectric 
anisotropy, the refractive indices are 
45 n e « ru - 1.520 and n 0 *» ru =* 1.476. 

As an example, in case of (p = 45 °, n B - 1.520, 
ru. - 1.476, d - 10^imandX =» 550nm f the retarda- 
tion AR equals zero if 9 - 0° (this direction 
coincides with the normal of the substrate) and 
50 equation (1) leads to 
I (9 = 0°) = 0. 

In case of 9 - 30° , however, equation (1) with 
corresponding parameter values leads to 
1(9 - 30°) - 0.2lo. 
55 Tne relation between the observation direction 
(slanted observation angle 9) and the intensity of the 
emerging light (leakage light) (I) as obtained in the 
above manner is shown in Fig. 9. In Fig. 9, the 
abscissa represents the observation angle 9 and the 
60 ordinate represents the emerging or leakage light 
quantity I. The emerging light quantity I rises around 
an angle 9 of near 10 degrees, increases from about 
20 degrees, forms a peak of about 0.5 l 0 around 42 
degrees, then decreases again and takes small 
S5 values above about 45 degrees. 
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New. a liquid cr/sta! display device according to 
an embodiment of this invention will be desenbed in 
connection with Figs. 1A and 1B. 

The thin film transistor hemeotropic liquid crystal 
display device has a structure in which a liquid 
crystal cell is sandwiched between a pair of polanzer 
plates 11 and 16 as shown in rigs. 1 A, 1B. or IC.The 
liquid crystal cell has a structure in which a layer 13 
of nemattc liquid crystal having a negative dielectric 
anisotropy is sealed between a pair of substrates 12 
and 14. 

One of the substrates 12 and 14 has a structure as 
shown in Fig. 6, in which thin film transistor 8 and 
display electrodes 9 are formed on a substrate. On 
the other substrate, an opposing common electrode 
is formed. 

Anisotropy compensating means 15 is inserted 
between the polarizer 16 and the substrate 14 as 
shown in Fig. 1A, or between the polarizer 11 and the 
substrate 12 as shown in Fig. 1B, or partly between 
the polarizer 16 and the substrate 14 and partly 
between the polarizer 11 and the substrate 12 as 
shown in Fig. 1C. In the embodiment of Fig. 1C, the 
total effect of the anisotropy compensating means is 
equivalent to that of Fig. 1A or 1B. Hereinbelow, 
description will be made mainly on the disposition of 
Fig. 1A. The operation in the other dispositions will 
be apparent for those skilled in the art. 

The anisotropy compensating means 15 com- 
prises at least two films, each having optical 
anisotropy. relatively rotated by about 90 degrees to 
exhibit, in total, a negative optical anisotropy in a 
direction normal to the substrate. The anisotropy of 
each film may be uniaxial or biaxial, as will be 
described later. 

Figs 2A and 2B respectively show the states of 
the display cell in the ON state where an electric field 
is applied and in the OFF state where no electric field 
is aDplied. In the OFF state, the long axis directions 
of the nematic liquid crystal molecules are disposed 
normal to the substrate, similar to the liquid crystal 
molecules in the prior art hemeotropic devices. The 
polarization state of light is not varied in the 
hemeotropicaily oriented liquid crystal layer, in the 
ON state, the liquid crystal molecules deviate from 
the normal direction and create annihilation of 
polarization or birefringence. Then, there occur 
* 'components which pass through the analyzer 16 
after once polarized by the polarizer 11. Namely, the 
liquid crystal cell is *darV in the OFF state, and is 
"bright' in the ON state. 

The anisotropy com cer. sating means 15 is a 
combination of, for example, two uniaxial films 15a 
and 15b, each disposec in a plane parallel to the 
substrate and having optical anisotropy. relatively 
rotated by 90 degrees about the optic axis of the 
liquid crystal display device. As shown in Fig. 3B, the 
main axis of the refractive index m is in the plane of 
the sheet and has a larger value than those for other 
•wc axis n 2 . The two sheets may be stacked into a 
unitarv bodv as shown in Fig. 3C. Here, let us 
assume that the films *5a and 15b have the same 
characteristics and have the refractive indices as 
sr.own in Fig. 38, the elective refractive indices of 
:he ccmocsite anisotrccy compensating means 15 



in the form of two separate sheets or in the form of a 
laminar film composed of two sheets of uniaxial films 
becomes, as shown in Fig. 30, 
m' - rtf «- ( ni + na ) / 2 , and 

5 na' - ri2 . 

Therefore, the anisotropy compensating means 15 
is uniaxial parallel to the optic axis as shown in 
Fig. 3D, with the relation 
m' - n 2 ' > n 3 '. 
10 Namely, there is formed an optically negative 
refractive index ellipsoid (negative optical activity). 

Meanwhile, it will be obvious for those skilled in 
the art that an optically negative refractive index 
ellipsoid can also be produced by combining two 
15 sheets of biaxial films, or by combining more than 
two uniaxial or biaxial anisotropic sheets. 

For example, when the biaxial film has refractive 
indices 

ni > n 2 > n 3 . 

20 a combination of two sheets of such biaxial films with 
axes m and n 2 interchanged will have the refractive 
indices m', n2', and n3' which satisfy 
n,' - na' - ( m + n 2 )/ 2 > na. 
The optical system of the liquid crystal display cell 

25 in the OFF state is shown in Fig. 4. In the figure, 
along the optic axis from the lefthand side to the 
righthand side, there are disposed the polanzer 
(polarizer plate) 11. the liquid crystal layer 13. the 
anisotropy compensating means 15 and the analyzer 

30 (polarizer plate) 16. 
Here., letting 

n e = nn (the refractive index along the long axis 
direction of the liquid crystal molecule), 
n Q =» ni (the refractive index along the short axis 
*5 direction of the liquid crystal molecule), 

d • the thickness of the liquid crystal layer, and 
d' * the sum of thickness of, e.g. two sheets of 
anisotropic film in the anisotropy compensating 

40 thSnsity of the emerging light V along a direction 
45 degrees slanted from the vertical direction in a 
plane parallel to the substrate and 9 slanted from the 
normal of the substrate (or the optic axis) can be 
approximately represented as 

45 I' I (1/4) lo [1-cos{2ti(AR + AR') / VH 
sin(2<p) (2) 

AR 6r = [{ IW Ho / ( + no 2 sin28)V 2 }- llo]d 

SO AR^tlna'ni' / (ns'^We + n,'2 S in28) V 2 } - ml d' 
/ cosB. 

When the properties of the anisotropy compen- 
sating means 15 are so selected to satisfy AR + 
AR' = 0 in equation (2), then it follows I' - 0. 

55 Under these conditions, the leakage light in the 
OFF state becomes zero at any observation direc- 
tions. Therefore, display with high contrast in wide 
range of observation angle can be provided. ^ 
In equation (2). a condition for reducing I is 

SO approximately represented as 
(N.-n 0 ) d + (n 3 '-ni' ) d' * 0. 
which leads to 

(n,-n 0 ) d + (n 2 -ni) d" -0 (3). 
where d" ( = d'/2 ) is the thickness of each sheet 0? 
So film 15a of 15c. 
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For example, when a hcmectropically oriented 
nematic liquid crystal material comprises ZU-2806 
available from Merk Inc., then 
n, = 1.520 and n 0 - 1.476. 
When the properties of the liquid crystal layer are 
n 0 - 1.520 (= nil), n Q - 1.476 (=» nj, and d - 10 
Jim , 

and if the properties of the uniaxial film constituting 
the anisotropy compensating means are 
nt = 1.65, and n2 » 1.64. 

good performance will be provided by selecting the 
thickness d" as d" » (1.520 -1.476) x 10 / 
(1.65-1.64) = 44 \im. 

An example of such uniaxial film is a polyether-sul- 
fone film appropriately elongated (pulled) uniaxiaily. 
Beside this material, an anisotropy compensating 
means having similar characteristics can be con- 
stituted with highly transparent plastic films such as 
polyethylene-terephthalate, polyetherimide, 
polyether-ether-ketone. 

The relation between the observation direction 
and the intensity of leakage light 1' in the above-de- 
scribed case is shown in Fig. 5. In Fig. 5, the 
abscissa represents the slanted observation angle 8, 
and the ordinate represents the intensity of emerg- 
ing light. Since the intensity of the emerging light 
(leakage light) is very small, the ordinate is expanded 
100 times as compared to that of Fig. 9 which shows 
the prior art performance. 

The intensity of the emerging light I slightly 
increases from about an observation angle of 10 
degrees, but is still at most about 0.0009 1 0 around 45 
degrees. It is clearly seen that the leakage light has 
been significantly reduced as compared to the prior 
art of Fig. 9 which shows a peak leakage of about 0.5 
lo at about 42 degrees. 

Although description has been made on the 
embodiments of this invention, it should not be 
interpreted in any restrictive meaning. For example, 
various alterations, modifications and/or combina- 
tions can be made within the scope of the appended 
claims. 



Claims 

1. A hometropic liquid crystal display device 
comprising: 

a hometropic liquid crystal cell including a pair 
"of parallel substrates provided with electrodes 
and a nematic liquid crystal layer sandwiched 
between the pair of substrates, the liquid crystal 
molecules having a negative dielectric aniso- 
tropy, being oriented substantially orthogonal 
to the substrate in the absence of an electric 
field exhibiting a positive optical anisotropy, and 
being deviated from the orthogonal direction 
when a voltage is applied between the elec- 
trodes thereby exhibiting birefringence; 
a pair of crossed polarizers disposed to 
sandwich the homeotropic liquid crystal cell and 
having pclarization axes mutually crossing or- 
thogonally; 

anisotropy compensating means disposed bet- 
ween the liquid crystal cell and at least one of 



the polarizers, including at least two sheets o"f 
anisotropic film, the optic axes of which are 
relatively rotated to make an angle of about 90 
degrees in a plane parallel to the substrate, and 

5 exhibiting, in total, a negative optical anisotropy 

with an axis along the normal of the substrate 
which compensates the positive optical aniso- 
tropy of the liquid crystal layer when oriented 
homeotropically. 

10 2. A homeotropic liquid crystal display device 

according to claim 1 , wherein said at least two 
sheets of anisotropic film are optically uniaxial 
along a direction in the plane of sheet. 
3. A homeotropic liquid crystal display device 

15 according to claim 1 , wherein said at least two 

sheets of anisotropic film are optically biaxial 
with an axis of the smallest refractive index 
oriented substantially normal to the plane of 
sheet. 

20 4. A homeotropic liquid crystal display device 

according to claim 1 , wherein said at least two 
sheets of anisotropic film are assembled in a 
laminar structure. 
5. A homeotropic liquid crystal display device 

25 according to claim 2, wherein said at least two 

sheets of anisotropic film are formed of a 
material selected from the group consisting of 
polyether-sulfone, polyethylene-terephthalate, 
polyether-imide, polyether-ether-ketone, and 

30 their combinations. 
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© A homeotropic liquid crystal display device com- 
pensated for the anisotropy of the homeotropically 
oriented nematic liquid crystal layer (13). by an- 
isotropy compensating means (15) comprising at 
CO least two anisotropic (e.g. uniaxial) films having their 
^ optic axes disposed to form a right angle in a plane 
^ parallel to the substrate (15) to form an optically 
00 negative activity in the direction perpendicular to the 
TO substrate (16). This optically negative activity is so 
q selected to compensate the positive optical an- 
Lf) isotropy of the nematic licuyid crystal (13) when 
TO orientec hcmeotropically in :he absence of electric 
© field. 
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